In the present work, a simple design of "turn-on" fluorescence method for mercury ion was developed and explored based on specific T-Hg-T mismatches as a recognizer and N-methyl mesoporphyrin IX (NMM)/G-quadruplex DNA system as a reporter. The titration experiment showed that the mercury-ion concentration and the fluorescence intensity signal change exhibited a consistent linear correlation within the 50 to 500 nM range with a detection limit down to 12.9 nM. In a selectivity experiment, our method showed obvious selectivity against other metal ions, being consistent with other reported detection methods of mercury ion based on the specific reactivity of T-Hg-T mismatches. Our method was then successfully employed to detect mercury ion in pond water with excellent reliability.
Introduction
Mercury is one of the most toxic heavy metal elements in the environment. Mercury contamination is widespread in air, water and soil as a result of natural sources, such as volcanic emission, 1 and human activities, such as illegal waste release from various industrial activities. [2] [3] [4] Long-term exposure to mercury can cause neurological diseases, kidney failure and harm the brain, heart, lungs and immune system, 5 widely known as Minamata disease. Therefore, a sensitive and selective mercury detection method is highly demanded for mercury pollution management and prevention.
Currently, a series of analytical methods has been developed for measuring mercury ion. 6, 7 The traditional methods [8] [9] [10] mainly rely on inductively coupled plasma mass spectrometry (ICP-MS), atomic absorption spectrometry (AAS), atomic fluorescence spectrometry (AFS) and X-ray fluorescence spectroscopy (R-FS). Although these methods provide satisfying detection performance, they require expensive instrumentation and skilled personnel to accomplish the operational procedures. To overcome this issue, several types of mercury-ion sensors have been developed based on small organic molecules, [11] [12] [13] [14] gold nanoparticles, [15] [16] [17] [18] aggregation-induced emission (AIE), [19] [20] [21] nanotubes, 22, 23 electrochemical techniques, 7, 24 DNAzymes 25 and proteins. 26 Many of these sensors show sufficient sensitivity and selectivity for the detection of mercury in aqueous solution; however, most of them still suffer from several limitations, such as low water solubility, sophisticated synthesis procedures, difficult modification of the probe materials and sample matrix interference. Thus, these is a growing need to develop simple, effective method.
Oligonucleotide has been focused on to develop an attractive methodology for mercury-ion detection because it is ecofriendly and easy to design, modifiy and acquire. In 2004, Ono and co-workers reported that mercury ion has a unique property that can with high selectively bind to DNA thymine bases (T) and stabilize T-Hg-T base pairs in DNA duplexes, and developed the first fluorescence method to detect mercury ion based on T-Hg-T mismatches. 27 T-Hg-T mismatches have a high specificity due to the high selective binding of mercury ion to T bases with a binding constant even higher than that of the T-A Watson-Crick pair. 28, 29 Therefore, T-Hg-T mismatches can be used as a recognizer to identify of the mercury ion. Since T-Hg-T mismatches were discovered, various mercury-ion sensors have been developed, including a "turn-on" mode, 30, 31 label-free strategies 32 and naked-eye analysis, 33, 34 based on a mercury ion regulated molecular configuration switch, combination and substitution. However, there were a few sensors without any modification and with a "turn-on" mode. Thus, a label-free, convenient and "turn-on'' fluorescence method is still needed.
G-quadruplex DNA, a certain type of G-rich nucleic acid sequence, plays an important role in genomic functions, including transcription, recombination and replication. [35] [36] [37] Interestingly, unlike triplex, duplex or single-stranded forms of DNA, G-quadruplex DNA can be selectively recognized by N-methyl mesoporphyrin IX (NMM). 38, 39 NMM is a commercially available and has pronounced structural selectivity for G-quadruplex DNA. The X-ray crystal structure of a complex between NMM and G-quadruplex DNA has been reported to facilitate the design of the sensors. 38 Commonly, NMM is weakly fluorescence in the free state, but exhibits a dramatic enhancement upon binding to G-quadruplex DNA.
Recent research progress has shown that NMM and G-quadruplex DNA can be utilized as a signal reporter to detect heavy metal ions, 42 NAD + , 43 RNA 44 and anti-cancer drugs. 45 In this work, we proposed that a label-free, convenient and "turn-on'' fluorescence method of Hg 2+ detection could be developed by the NMM/Gquadruplex DNA system, as a reporter, and T-Hg-T mismatches as a recognizer.
Experimental

Reagents and chemicals
Synthetic oligonucleotides DNA purified by PAGE were obtained from Shanghai Sangon Biological Engineering Technology & Services Co., Ltd. (Shanghai, China). N-Methyl mesoporphyrin IX (NMM) was purchased from J&K Scientific Ltd. (Beijing, China). Metal ions (HgCl2, AgCl, AlCl3, BaCl2, CaCl2, CdCl2, CrCl3, CuCl2, FeCl3, MnCl2, NiCl2, PbCl2, ZnCl2) were purchased from Sinopharm Chemical Reagent Co., Ltd. All chemicals were of analytical reagent. The water used was purified by a Millipore Milli-Q (18 MΩ/cm). A stock solution of oligonucleotides (100 μM) was prepared by DNase-and RNase-free water treated by 0.1% diethylpyro-carbonate (DEPC) (Beyotime Biotechnology Ltd., China). The stock solution of NMM (6 mM) was prepared in DMSO (dimethyl sulfoxide) and stored in darkness at -20 C. Before being used, the oligonucleotides solution and NMM were diluted to the required concentration.
DNA hybridization
Final concentrations of 25 μM P1 (5′-GGGCAACGGGAAAC-AACAACGGGCAACGGG-3′) and 25 μM P2 (5′-GTTTCTTC-TTCGGGGGCGTTGTTGTTTC-3′) were prepared in 50 mM Tris-HCl (pH 7.6) buffer solutions and heated to 90 C on a PCR instrument for 10 min, then cooled to room temperature by closing the instrument to hybridize two strands (P1-P2).
Ultraviolet-visible spectroscopy (UV-vis) measurement
The hybridized two strands (P1-P2) (1 μM) were prepared in a 20 mM Tris-HCl buffer (pH 7.6) containing 10 mM KCl and 10 mM MgCl2. Then, various molar equivalents of Hg 2+ were added into the DNA (P1-P2) solution. All of the reactions were incubated at 37 C for 2 h to ensure a completed reaction and signal stabilization. The UV-vis spectra were measured using a UV-2600 spectrophotometer (Shimadzu, Japan). The data were recorded for 210 to 340 nm in a quartz cuvette with a 4-mm optical path length. The data reported herein were averaged from at least 3 scans so as to improve the signal-to-noise ratio so that the contribution from the buffer would be diminished.
Fluorometric analysis
All fluorescence measurements were performed on a F-7000 spectrometer (Hitachi, Japan). The instrument settings were as follows: excitation wavelength, λEX = 399 nm (bandpass 10 nm); emision wavelength, λEM from 550 to 640 nm (bandpass 10 nm); and the photomultiplier tube (PMT) detector voltage, 500 V. The Hg 2+ titration was performed by adding 50 to 550 nM Hg 2+ into 125 nM P1-P2 oligonucleotide DNA in Tris-HCl buffer (20 mM, pH 7.6) containing 10 mM KCl, 10 mM MgCl2 and 1.5 μM NMM. All samples were incubated at 37 C for 2 h to ensure completed reaction and signal stabilization. The fluorescence intensity signal changes were calculated by F -F0, where F0 and F are the fluorescence intensities at 612 nm (maximum emission wavelength) in the absence and presence of Hg 2+ , respectively. The selectivity of Hg 2+ was determined by individually adding 300 nM each of the metal ion to the reaction solution. In addition, 300 nM of Hg 2+ and 300 nM of another metal ion were added together to the reaction solution so as to further study on the selectivity.
Atomic absorption spectrometry (AAS) measurement
A HgCl2 standard stock solution was gradually diluted to 10, 20, 30, 40, 50, 60 nM by 10 mM K2Cr2O7 and 0.5 M HNO3. Before any measurement, the treated pond water sample was diluted 10 times by 10 mM K2Cr2O7 and 0.5 M HNO3. Then, 0.3 M KBH4 and 25 mM NaOH was prepared as the reducing agent. Mercury in water was determined on a SP-3520AAPC spectrophotometer (Shanghai Spectrum Instruments Co., Ltd., China) with a WHG-103A flow injection hydride generator (Beijing Haotianhui Trade Co., Ltd., China). The instrument settings were as follows: wavelength, 253.7 nm; bandpass, 0.7 nm; lamp current, 4.0 mA; carrier gas flow, 120 mL/min (argon).
Results and Discussion
Principle of sensing Hg 2+ The principle of the proposed fluorescence method to detect Hg 2+ is illustrated in Scheme 1. We designed two ssDNA, P1 and P2. The ends of P1, containing a G-quadruplex DNA sequence (red in P1 of Scheme 1), can form a G-quadruplex structure. And P2, containing T-Hg-T mismatches can form a DNA hairpin structure with the help of mercury ion. P2 also contains a complementary sequence of P1 (green in P2 of Scheme 1), which can inhibit P1 to form the G-quadruplex structure by Watson-Crick base pairing. In the absence of Hg 2+ , two ssDNA P1 and P2 hybridized each other, hampering P1 to form the G-quadruplex structure. Therefore, no fluorescence enhancement could be detected, even after adding NMM. When Hg 2+ was added, it would bind to P2 (italics in P2 of Scheme 1), forming a DNA hairpin structure by T-Hg-T Scheme 1 Schematic illustration of the label-free fluorescence DNA probe based on the T-Hg-T mismatch and NMM/G-quadruplex DNA system for the detection of Hg 2+ .
mismatches, leading P1 to release from the P1-P2 complex. The P1 of free single state would form a G-quadruplex DNA structure by self-folding, which would bind NMM, and result in a remarkable fluorescence enhancement.
Feasibility of the method
To confirm the feasibility of the present strategy, the fluorescence emission spectra under different conditions were investigated, as shown in Fig. 1 . As can be seen, a free P1 can form G-quadruplex DNA structures and bind with NMM, while generating a high fluorescence intensity at a wavelength of 612 nm (Fig. 1, curve 5) . When P1 was covered by P2, a large amount of G-quadruplex DNA structures were destroyed, and the fluorescence intensity sharply decreased (Fig. 1, curve 3 ) to like that of NMM (Fig. 1, curve 2) , which showed very faint fluorescence by itself. However, the fluorescence intensity was greatly enhanced by the addition of Hg 2+ , owing to T-Hg-T mismatches, which released P1 to form G-quadruplex DNA structures (Fig. 1, curve 4) . The above results confirmed that the dramatic enhancement of the fluorescence intensity was indeed caused by adding Hg 2+ to P1-P2 complex. Therefore, the present strategy is feasible to detect Hg 2+ .
Additionally, to confirm the mechanism of the fluorescence change, the UV-vis spectroscopy of P1-P2 was measured at various Hg 2+ concentrations. As shown in Fig. 2 , in the absence of Hg 2+ , the P1-P2 showed a high characteristic absorption peak of 0.22 at 260 nm. However, the values at the peak gradually decreased with an increase in the Hg 2+ concentration. This hypochromic effect was a result of the covered bases. In the absence of Hg 2+ , the ends of the P1-P2 were a single state (Scheme 1). When Hg 2+ was added, the P1 formed G-quadruplex DNA structures, and the P2 formed a DNA hairpin structure (Scheme 1). The bases on the ends of P1-P2 were covered, resulting in that the ultraviolet absorption decreased. Thus, the increase in the fluorescence was indeed caused by P1 being released following the addition of Hg 2+ . Furthermore, the T-Hg-T pair was more stable than the Watson-Crick A-T pair that had been revealed. 28 T-Hg-T mismatches replaced A-T pairs to detect Hg 2+ that had also been applied. 30 Thus, P1 can be released following the addition of Hg 2+ . In conclusion, the mechanism of our strategy was feasible.
Sensitivity of the method
Subsequently, varying concentrations of Hg 2+ (0 -500 nM) were added to the experimental system to test the detection range of this sensing strategy. The fluorescence intensity increased with the Hg 2+ concentrations up to 500 nM (Fig. 3a) . This result indicated that the amount of T-Hg-T mismatches and the G-quadruplex DNA structures formation were highly associated with the concentration of Hg 2+ . When the Hg 2+ concentration was within the 50 to 500 nM range, the fluorescence intensity signal change (F -F0) increased proportionally with the concentrations of Hg 2+ , which fitted a good linear equation (R 2 = 0.992) (Fig. 3b) . However, the fluorescence intensity signal change (F -F0) did not increase at the 550 nM concentration of Hg 2+ , indicating that the concentrations of Hg 2+ were saturated (Fig. 3b) . The limit of detection for Hg 2+ was estimated to be 12.9 nM based on 3α/slope, which was quite close to the maximum contaminant level in drinking water set by United States Environmental Protection Agency (U.S. EPA, 10 nM), and lower than that of the World Health Organization (WHO) defined toxicity level of Hg 2+ in drinking water (30 nM). The capabilities of our method were comparable to other methods ( Table 1) .
Selectivity of the method
Additionally, the selectivity of our method was later evaluated under the optimum experimental conditions. It was found that only Hg 2+ resulted in a considerably large fluorescence intensity signal change (F -F0), while other metal ions yielded very little change of the fluorescent signal, as shown in Fig. 4 (blue bars) . Our proposed fluorescence method demonstrated that the fluorescence intensity signal change (F -F0) of Hg 2+ was 16.22, while other metal ions were lower than 4.13 (Mn 2+ ). Therefore, the peak selectivity of Hg 2+ and other metal ions had an extremely significant difference. In addition, 300 nM of Hg 2+ and 300 nM of another metal ion were added together. The fluorescence response suggests excellent selectivity of Hg 2+ over other metal ions as well. This result was consistent with other reported detection methods of Hg 2+ based on the specific reactivity of T-Hg-T mismatches. 27, 30 The above results showed that our proposed label-free fluorescence sensing strategy had a satisfactory selectivity of Hg 2+ over other metal ions.
Determination of Hg 2+ in pond water With the ideal sensitivity and selectivity established in a reaction solution, our method was further applied in the determination of Hg 2+ in pond water collected from the Yangtze University campus. Using the standard addition method, Hg 2+ was added into the sensor solution in the pond water so as to achieve three standard samples whose final concentrations were 150, 300 and 500 nM. Then, our method and atomic absorption spectrometry (AAS) method were used to detect the concentrations of Hg 2+ to evaluate the feasibility in real samples. The calculated concentrations of Hg 2+ were obtained by the standard linear equation between Hg 2+ and the intensity signal change (F -F0) ; the results are given in Table 2 . As can be seen, our method showed excellent agreement with the AAS results, and the recoveries of the samples were in the range of 99.97 -105.06%. These results indicated that this proposed method could be used to detect mercury in pond water with little interference.
Conclusions
In summary, a label-free fluorescence method for "turn-on" and convenient detecting of Hg 2+ based on specific T-Hg-T mismatches and NMM/G-quadruplex DNA system as a reporter has been developed and explored. This detection strategy is simple, which does not need artificial modification fluorescence groups. The limit of detection in our method is 12.9 nM, which is quite close to the maximum contaminant level in drinking water set by EPA (10 nM) and lower than the WHO-defined toxicity level of Hg 2+ in drinking water (30 nM). Furthermore, this fluorescence method cannot be interfered by biological auto-fluorescence owing to the emission wavelength of NMM (612 nm). 46, 47 Taken together, our new method provides effective help to detect Hg 2+ in the environment and a novel enlightenment to develop other sensors to detect different analytes. 
